Hamiltonian in the Fermi-system basis, the vibrational characters of all vibrational levels can be determined unambiguously. It is shown that the bending mode cannot be treated separately from the coupled stretching modes, particularly at vibrational energies of more than 2000 cm −1 . Based on our force field, the structure of the Coriolis interactions in theC state of SO 2 is also discussed.
Hamiltonian in the Fermi-system basis, the vibrational characters of all vibrational levels can be determined unambiguously. It is shown that the bending mode cannot be treated separately from the coupled stretching modes, particularly at vibrational energies of more than 2000 cm −1 . Based on our force field, the structure of the Coriolis interactions in theC state of SO 2 is also discussed.
We identify the origin of the alternating patterns in the effective C rotational constants of levels in the vibrational progressions of the symmetry-breaking mode, ν β (which correlates with the antisymmetric stretching mode in our assignment scheme).
I. INTRODUCTION
gives rise to vibrational level-staggerings, is expected to cause staggering-related anomalies in the rotational structure of theC state, especially in the vibrational levels that involve the symmetry-breaking mode. However, rotational information for levels with odd quanta of excitation in the symmetry-breaking mode had not been available until our recent direct observations of b 2 vibrational symmetry levels, reported in the first paper of this series 25 and in Ref 26 . With those crucial pieces of information on the rotational structure of thẽ C state, we can now validate and interpret the rotational anomalies caused by the doublewell structure on the PES. However, correct identification and detailed understanding of the anomalies require knowledge of the molecular force field.
With direct high resolution measurements of the first eight b 2 symmetry vibrational levels, 25 and an additional b 2 level at 2754 cm −1 , 26 we can now determine a more physical and accurate force field for the SO 2C 1 B 2 state. The accuracy of the force field of Hoy and Brand is limited by the reduced-dimension nature of their fit, and the fact that the ν 3 fundamental level, the position of which was estimated from the inferred position of the (0,1,1) level,
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was the only b 2 symmetry level included in the fit. Somewhat fortuitously, their estimated ν 3 fundamental frequency was extremely accurate. 25 Yamanouchi et al. 29, 34 extended the Hamiltonian of Hoy and Brand to three dimensions. However, all the parameters associated with the double-well structure were fixed to the values derived from the Hoy and Brand 2D fit, and no b 2 symmetry levels were included in the fit. In addition, none of the available rotational and isotopologue information was used as inputs to the fit.
In this paper, we derive an internal coordinate force field of theC state of SO 2 , which incorporates vibrational and rotational information of two isotopologues, 32 S 16 O 2 and 32 S 18 O 2 .
Our methods for calculating and fitting rovibrational information of theC state of SO 2 , e.g.
vibrational band-origins, rotational constants, and Coriolis matrix elements, are described in Section II. In Section III, we present the result from a reduced-dimension fit, similar to the fit model developed by Hoy and Brand. 11 The reduced-dimension model provides insight into the unique effects of stretch-stretch Fermi resonance on the vibrational dynamics in theC state. A scheme for assigning the 2D wavefunctions of theC state is also discussed, based on semiclassical work by Kellman and co-workers. [15] [16] [17] [18] 32 In Section IV, our 3D internal coordinate force field is reported. We demonstrate the accuracy and predictive power of our 3D force field by comparing the values of the experimental observables that are not directly used as inputs to our fit to the calculated values from our force field. In partic-ular, the Franck-Condon (fc) intensities and the strongly perturbed effective C rotational constants of highly anharmonicC state vibrational levels are well reproduced. A two-step diagonalization procedure of the vibrational Hamiltonian is developed in Section IV A. The two-step diagonalization allows assignments and characterization of an unprecedented number ofC state vibrational levels in a new Fermi-system basis (the Kellman basis), constructed explicitly in this work via partial diagonalization of the Hamiltonian. We investigate the breakdown of the separability of ν 2 from the other two strongly Fermi-interacting modes for levels >2000 cm −1 above theC state zero-point level. Based on our force field, the structure of the Coriolis interactions in theC state is discussed in Section IV D. We are able to identify and explain the alternating patterns in the effective C rotational constants for levels in the vibrational progressions of the symmetry-breaking mode.
II. METHODS
A vibrational Hamiltonian of the following form is used to fit the vibrational band origins of the SO 2C state: 
where
and the q's and p's are dimensionless normal-mode coordinates and the conjugate momenta, respectively. Eq. (1) is an expansion around C 2v geometry through quartic terms of the pure vibrational part of the molecular Hamiltonian, with a Gaussian hump in the antisymmetric stretch q 3 direction to account for non-equivalent S-O bond-lengths. The Gaussian hump in the PES is defined by three parameters, b, ω 3 , and ρ. 5 The parameter, b, characterizes the height of the barrier along the q 3 direction (with q 1 = q 2 = 0), and the parameter, ρ, gives information about the curvatures at the two minima of the PES along q 3 . More detailed discussions regarding the parameters involved in the Gaussian hump can be found in Ref Since normal-mode coordinates depend on the atomic masses, the normal-mode force constants, ω's and φ's, are isotopologue-dependent. 23 However, the observed vibrational lev- We therefore omit discussion of details of the transformation.
Given that the q 3 coordinate is in a symmetry species of its own, the isotope dependence of the two remaining parameters defining the Gaussian hump, b and ρ, can be determined by considering the 1D cross-section of the PES at q 1 = q 2 = 0. We constrain b, which characterizes the barrier height along this cross-section, to be isotopologue-independent.
The saddle point energy, C 1 , should also remain unchanged with isotopic substitution, so we also constrain ρ to be isotopologue-independent.
Another benefit of using internal force constants is that they enable us to calculate and incorporate rotational information -such as the rotational constants, centrifugal distortion coefficients, and Coriolis matrix elements -into the fit. However, the very strong q 3 anharmonicity and the large Fermi-133 resonance interaction necessitate a special treatment of the rotational information. We have adopted the treatment of Hoy and Brand for the quartic centrifugal distortion constants of the zero-point vibrational level of both isotopologues.
11
The treatments of the rotational constants and the Coriolis matrix elements are summarized below, with additional information included in the Supplementary Material.
1
The rotational constant, R v , of a vibrational level of theC state of SO 2 is calculated by
where R n is the rotational constant of a normal-mode basis state, and c n,v is the coefficient of that basis state in the eigenvector that results from diagonalizing the Hamiltonian (Eq. (1)).
Note that the symbol, R, is used to generalize the notations for A, B, and C rotational constants. The rotational constant of a normal-mode basis state is given by the conventional expression
where R e is the rotational constant at the equilibrium geometry, v i is the number of quanta in a specific normal-mode, and α i is the rotation-vibration constant for that mode. The (4) is that the rotational constants of a vibrational eigenstate can be calculated independent of the vibrational assignment of the eigenstate, which can be ambiguous due to anharmonic interactions, even in our assignment scheme discussed in Section IV A. The effects from the double-well and the resonant interactions on the rotational constants of a vibrational eigenstate are contained in the basis state expansion coefficients of the eigenstate.
In theC state of SO 2 , the C rotational constants are strongly perturbed by c-axis Coriolis interactions. 3, 10, 11, 34 The A and B rotational constants, however, are unaffected by Coriolis interactions up to second-order of perturbation theory. In cases where non-degenerate perturbation theory is valid, Coriolis contributions to rotational constants can be included in the α i parameter, and Eq. (4) can be used to calculate rotational constants of the perturbed levels. However, this approach fails for all of the C rotational constants of theC state of SO 2 (even those which are not severely perturbed by Coriolis interactions), due to the presence of the double-well on the PES. Using second-order perturbation theory, the Coriolis contributions (C Cor ) to the C constant of a vibrational level of theC state must instead be calculated by the general expression
In Eq. (6), the eigenvalues and eigenvectors of the vibrational Hamiltonian in Eq. (1) are used for both |v and the intermediate state |v 's. The operator, h, defined in Eq. (7), is part of the Coriolis term, hJ c , in the molecular Hamiltonian. 19 If we exclude the Coriolis contributions to the rotation-vibration constants, the rotational constants calculated using
Eqs. (4)- (5) correspond to the Coriolis-deperturbed rotational constants from the experiments. The perturbed value of the C rotational constant of a vibrational level, C p , is then the sum of the deperturbed C constant, C dp , and C Cor , or C p = C dp + C Cor .
In our fit, the A and B constants of the three fundamental levels, as well as those of the zero-point vibrational level, are included. This helps to ensure a physical determination of both the equilibrium geometry and the cubic force parameters. The experimental C constants are used to validate the goodness of our internal coordinate force field by comparing their values to the C constants calculated from our force field.
Coriolis matrix elements between a 1 and b 2 symmetry vibrational levels of theC state of SO 2 derived from fits to the observed energy levels 25 are not included directly in the fit.
However, the Coriolis matrix elements can be calculated using the derived force field and the calculated values may be compared to the experimentally derived values. The Coriolis matrix element, t 1 , between vibrational eigenstates |v and |v is defined as
The eigenvectors, |v and |v , are calculated from the force field. In this work, Coriolis interactions between modes ν 1 and ν 3 are neglected, since the ν 1 and ν 3 frequencies are very different, and ζ c 13 is about three times smaller than ζ c 23 . To summarize our fit procedure, internal force constants through quartic terms expanded about the C 2v geometry are used as parameters in our force field fit of theC state of SO 2 .
From those parameters, we derive the isotopologue-specific normal-mode force constants used in Eq. (1) Because we include vibrational and rotational information of two isotopologues, the number of data in our fit far exceeds that of all previous force field fits on theC state of SO 2 .
29,33,34
We have therefore chosen to use 23 fit parameters (one of which is constrained), compared with 17 in Yamanouchi's normal-mode force constants fit. 29 35 To validate our internal coordinate force field, the C rotational constants and Coriolis Table III shows the C s equilibrium bond lengths obtained from our internal coordinate force field of theC state of SO 2 . The barrier on the PES is relatively low, but it is sufficient to produce a significant depression of the antisymmetric stretch fundamental frequency.
The ν 3 fundamental frequency, which is usually the highest among the three fundamental frequencies of symmetric triatomic molecules, is the lowest in theC state of SO 2 . The parameter, ρ, characterizes the curvatures at the two minima of the PES. The bottoms of the two wells on the PES would be nearly parabolic if ρ = 1.5 (in the absence of cubic and higher-order anharmonicities). 5 For ρ < 1.5, which is true for theC state of SO 2 (see Table I ), starting from a minimum of the PES and moving along q 3 , the potential should rise more steeply in the direction away from the barrier than in the direction towards the barrier. This is indeed the case for theC state, as can be seen from the PES in Fig. 1 . The effects of Fermi resonance on the semiclassical dynamics of molecules have been studied by Kellman and coworkers. [15] [16] [17] [18] 32 The standard procedure of labeling vibrational levels by normal-mode quantum numbers is inadequate and misleading for Fermi resonance systems.
Kellman and coworkers provide an alternative assignment scheme based on the semiclassical dynamics. vibrational symmetry, correlates to the anti-symmetric stretching mode, ν 3 .
Using our assignment scheme, the wavefunctions can be grouped according to the polyad number, P = v α + 1 2 v β . There are (P + 1) levels that belong to a given polyad with polyad number P . A polyad consists of a group of systematically near-degenerate interacting zeroorder states. For example, the three levels with polyad number P = 2 result predominantly from three strongly anharmonically interacting zero-order wavefunctions |0, 0, 4 a , |1, 0, 2 a , and |2, 0, 0 a .
The polyad number P is not strictly conserved in theC state of SO 2 . Note that the The inter-polyad interaction that we see here is not an artifact of the 2D nature of the fit, since it is observed in the wavefunctions obtained from the 3D fit as well (Section IV A).
The peculiar shapes of the wavefunctions in Fig. 2 have their origins in the shape of the PES. The PES has a kidney-bean shape ( Fig. 1) , as a result of the large Fermi φ 133
term. In the absence of strong Fermi-133 interaction, a double-well structure in the q 3 direction will cause a staggered energy pattern in the normal-mode (0, 0, v 3 ) progression. Sako et al. 29 first noted this behavior of the wavefunctions for theC state of SO 2 , although they did not give an explicit interpretation of the semiclassical motions encoded in the wavefunctions. In the same work, 29 it was noted that above the predissociation threshold, r-type levels dissociate more rapidly than l-type levels. They argue that the r-type wavefunctions, with intensity along the S-O dissociation coordinate, have better overlap with the dissociation continuum of the ground electronic surface, while the l-type wavefunctions have less overlap with the ground state continuum. The level-dependence of the predissociation rates of theC state vibrational levels can also be understood in light of the semiclassical motions encoded in the wavefunctions. In the r-type motion, the stretching momentum is always localized in the S-O bond that is instantaneously longer, whereas the momentum is localized in the instantaneously shorter S-O bond in the l-type motion. As a result, vibrational levels with r-type semiclassical motion couple better to the reaction coordinate, while those with 'l'-type motion waste their energy by visiting configuration 3 in Fig. 1 . 
IV. THREE-DIMENSIONAL FIT
The internal coordinate force field obtained from our 3D fit is presented in Table IV (2) and (3), b, ω 3 (which in our internal coordinate force field is determined by f rr and f rr ), and ρ are strongly correlated (>0.95 correlation parameters among them). To break this correlation, additional b 2 vibrational symmetry levels, especially the (0,0,1) r levels of different isotopologues, must be measured and included in the fit. In the absence of those isotopologue data, we have fixed the value of ρ to 0.35, which is the value we obtained from our two-dimensional fit.
The value of ρ was better determined in the 2D fit, due to constraints made to obtain the force field (although we cannot guarantee the accuracy of ρ obtained from the 2D fit). By constraining the value of ρ, the correlation among B, f rr , and f rr is much reduced (<0.5).
We must emphasize that the uncertainties of the fit parameters listed in Table IV are only statistical uncertainties of the fit, which do not take into account correlation effects. The actual uncertainties in some of the parameters might realistically be 5 to 10 times larger.
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Information from other isotopologues would certainly reduce correlation. Alternatively, highlevel quantum calculations might provide better constraints on some of the fit parameters, which would allow us to obtain a more physical and accurate internal coordinate force field fit. In Tables V-X, the measured and calculated values of the observables from our 3D calculation are listed.
For all of the vibrational term values included in the fit, the difference between experiment and fit is less than 1.9 cm −1 and the rms error is 0.9 cm −1 . The observed level at 2224.9 cm −134 is not included in our fit. Based on the energy, the only possible assignment is (0,6,0) r , which, according to our derived force field, is predicted at 2208 cm −1 (see Table V ). For the rotational constants included in the fit (Table VII) especially the B and C constants, are likely not fully deperturbed. In addition, the total error (0.073 cm −1 ) of the fit to the Coriolis-interacting tetrad containing (1,0,0) l and (0,2,1) r is significantly larger than the calibration error (0.02 cm −1 ), and not all parameters are fit simultaneously. Therefore, the real uncertainties in the derived rotational constants of (1,0,0) l can be significantly larger than the the statistical uncertainties. Overall, the fit to the centrifugal distortion coefficients given in Table IX is quite good, although some of the centrifugal distortion coefficients included in the fit (e.g. ∆ K of both isotopologues) fall outside of the 3σ uncertainties of the experimentally derived values. 10 The treatments of the centrifugal distortion coefficients used in this work follow the treatments developed by Hoy and Brand, 11 which take into account the effect of the double-well on the centrifugal distortion coeffcients, but neglect other smaller anharmonic effects. This is likely the source of discrepancies between the observed and calculated values of some of the centrifugal distortion coefficients. Units in cm −1 . 2σ uncertainties are given for experimentally derived rotational constants. The meanings of C dp , C Cor , and C p are defined in Section II. As in the 2D fit, the C s equilibrium geometry is determined (Table XI ). The C s geometry agrees well with ab initio values. 22 Recall that we constrained only the barrier height, b, and the shape parameter, ρ, to be isotopologue-independent. Even though we did not constrain the isotopologue independence of the absolute minimum geometry, the calculated minimum geometries given in Table XI Table I and IV).
Without the ability to vary the shape parameter, ρ, the value of which is highly correlated with the barrier height, it is difficult to evaluate the accuracy of our derived barrier height.
Experimental observables not included in the fit are well reproduced using our force field (see Tables V, VII , and X). For the nine vibrational levels in the 3000-4000 cm −1 region, which we do not include in our fit, the rms error between the calculated and the observed terms is 5 cm −1 (rms=3.5 cm −1 , if we exclude the 3887.7 cm −1 level). The Franck-Condon factors calculated from our force field also agree well with the observed intensity pattern in the absorption 9,28,29 and LIF 34 spectra. As shown in Fig. 4 , despite the fact that we have not input to the fit any of the vibrational term energies of levels with transition wavelength shorter than 220 nm (corresponding to levels >3000 cm −1 above theC state zero-point level), the calculated Franck-Condon intensities in this energy region agree well with the observed intensity patterns. The rotational constants that are not included in the fit (Table VII) and the Coriolis matrix elements between highly anharmonicC state vibrational levels (Table X) are also well reproduced from our force field (see detailed discussions in Section IV D).
A. Vibrational Assignment Scheme
How are the eigenstates from the 3D fit assigned? In the 2D case, Kellman-type vibrational assignments can be made easily based on visual inspection of the wavefunction, but visual assignment of the three-dimensional eigenstates is more challenging. Lett. 294, 571 (1998). Copyright 1998 Elsevier. Even though none of the levels in the region with wavelength shorter than 220 nm are included directly in our fit, the calculated Franck-Condon intensities in this energy region agree well with the observed intensity pattern.
illustrates the projections of the wavefunction of the 2394 cm −1 state onto the q 1 -q 3 plane at different values of q 2 . If the ν 2 bending mode is rigorously separable from the stretching modes, the projection of the wavefunction should be independent of the value of q 2 (although the relative amplitude of each projection will depend on q 2 , i.e. it will be small when the value of q 2 is near a node of the wavefunction along q 2 direction). This is, however, obviously not the case, as can be seen in Fig. 5 . Depending on which projection of the wavefunction we choose to look at, different Kellman-type vibrational assignments can be made. If we only consider basis states that are close in energy to the observed eigenstate, at q 2 = 1.1, the wavefunction could be assigned as (1,0,4) r , which is predicted by our 2D model to occur at 2372 cm −1 . However, at q 2 =2.7, the nodal pattern of the projection suggests v α =1 and v β =2, consistent with an assignment (1,2,2) r . The eigenstate in Fig. 5 
where H is the original Hamiltonian expressed in the harmonic basis. The φ 222 and φ 2222 terms are not set to zero in H t , thus the intra-mode anharmonicity in ν 2 is partially accounted for in our new basis set. Since ν 2 is rigorously uncoupled from the other modes in this basis, we can easily assign def inite quantum numbers, (v α , v 2 , v β ) l/r , similarly defined as in Intra-mode anharmonicity becomes larger for states with more quanta of excitation in ν 2
(compare the partitioning of states in the first and second pair of curly brackets in Eq. (10)).
This is not surprising given that the size of the φ 112 and φ 233 matrix elements, which connect different Kellman basis states that differ by one quantum of ν 2 , increase as the quantum number increases.
We must also point out that for the 2394 cm and |1, 2, 2 r , 44 cm −1 , has appreciable magnitude. As a result, the |1, 0, 4 r and |1, 2, 2 r states interact indirectly via |1, 1, 4 r and similarly via |1, 3, 2 r , or to put it in another way, the anharmonic A |1, 0, 4 r and A |1, 2, 2 r states, which have a larger effective matrix element, interact directly to give rise to the eigenstate at 2394 cm −1 . plane. The effects from the stretch-bend couplings were averaged over q 2 in their assignment scheme. The 2394 cm −1 state was assigned as a pure Kellman-type (1,0,4) r state (translated into our notation). While this assignment is nominally correct, our analysis clearly shows that the 2394 cm −1 state also has appreciable |1, 2, 2 r character. Vibrational assignment based on visual inspection of the integrated wavefunction is flawed due to anharmonic interactions involving ν 2 . In contrast, we must emphasize that the vibrational character of each eigenstate can be unambiguously identified in our work from the eigenstate composition of the transformed Hamiltonian in the Kellman basis.
B. Franck-Condon Interference Effects
Our 2D internal force field, discussed in Section III, provides the first evidence of FranckCondon interference effects in theC state of SO 2 . Before presenting a more quantitative demonstration of the interference effects based on our 3D force field, we first give a brief discussion of the result from our 2D model. Using a constant ω 2 frequency of 378 cm −1 , our 2D force field predicts three states, (1,1,4) r , (2,0,2) r and (1,3,2) r , near 2750 cm −1 , based on the calculated vibrational term energies of the corresponding states with v 2 = 0 in Table II , e.g. (1,0,2) r is predicted at 1651 cm −1 , which puts (1,3,2) r at 2785 cm −1 . Given the calculated Franck-Condon intensities into the three corresponding v 2 = 0 levels from the 2D force field (see Fig. 2 ) and the observed (0, v 2 , 0) Franck-Condon progression, 9, 28, 34 relative Franck-Condon factors can be estimated for (1,1,4) r , (2,0,2) r and (1,3,2) r . As can be seen from Table XII , all of the three close-lying levels obtained from the model have large
Franck-Condon factors. However, there is only one strong transtion observed in this energy region at 2762 cm −1 . 34 Our Franck-Condon calculation, based on our 3D force field, also predicts only one strong transition in this energy region, along with two other much weaker transitions. Therefore, there must be interactions among the three Kellman-type levels.
The interactions are capable of mixing levels that have different quanta of excitation in ν 2 , and they are sufficiently strong to cause nearly complete annihilation of the Franck-Condon intensities to two of the three states.
Using our transformed Hamiltonian in the Kellman basis, the interference effect can be analyzed in more detail based on our 3D internal force field. The three eigenstates of interest This indicates a serious breakdown of the assumption of separability of the bending motion from the other two strongly interacting motions, especially for states above 2500 cm −1 .
The Kellman basis states are no longer sufficient to describe the dynamics in this energy region. Interference effects like these suggest the emergence of a new class of zero-order state.
Decoding the new dynamics poses an interesting challenge for future work. In Tables V and   VI , we label the eigenstates according to the degree of interaction in the Kellman basis. For some of the levels, no vibrational assignment can be given, since none of the anharmonic Kellman basis states has greater than 50% of the character of the eigenstate.
C. Rotational Information and Vibrational Assignments
Many of our vibrational assignments are confirmed by the magnitude of the experimentally-derived rotational constants, especially the A rotational constants. We can compare the rotational constants of the three states studied in the CCPT-MODR experiments to our calculated rotational constants (see Table XIV Table V because, using this assignment, the calculated value of the Coriolis matrix element is in better agreement with the experimental value. In addition, the experimental A rotational constant of the P a 1 level, although not precisely determined, indicates moderate excitation in ν 2 , allowing us to rule out the (0,6,2) r level predicted at 2741 cm −1 (Table V) , which has substantial excitation in ν 2 . However, due to ambiguity in eigenstate assignment for the observed state at 2743 cm −1 , the observed P a 1 level in Table XIV vibrational level density in the 3000-4000 cm −1 region is twice that between 2000-3000 cm −1 . However, we believe that the vibrational assignments that are listed for the nine observed levels between 3000-4000 cm −1 (Table V) are correct, because the assigned v 2 quantum numbers of those levels are consistent with the magnitudes of the experimental A rotational constants. We emphasize that the assignment scheme developed in this work provides unambiguous vibrational assignments to an unprecedented number of theC state levels, all consistent with available rotational information.
D. The Coriolis Effects in theC state of SO 2
As recognized in earlier studies of the SO 2C state, 3,10,11,34 the C rotational constants are severely perturbed by c-axis Coriolis interactions between ν 2 and ν 3 (more precisely, ν β , due to Fermi-133 resonance). However, accurate deperturbation had been impossible until the recent direct observation of b 2 vibrational levels. 25, 26 In this section, we present level-specific
Coriolis interaction strengths derived from our force field, and we analyze how the doublewell structure of the PES leads to specific diagnostic patterns of Coriolis interactions in thẽ C state.
First, we discuss the calculated rotational constants in Table VII, The calculated A, B, and C dp rotational constants, and the Coriolis matrix elements between vibrational levels calculated from Eq. (8) ( |, where ∆E is the energy difference between the band-origins of the two states, are displayed in Fig. 7 . The mixing angles, which measure the extent of Coriolis interactions, are taken to be positive and are color-coded in Fig. 7 . In the absence of indirect higher-order interaction, a 1 vibrational symmetry levels interact only with b 2 symmetry levels via Coriolis interaction.
In Fig. 7 , Coriolis-interacting states are grouped together to indicate that they form a Coriolis polyad (designated by a polyad label, P n , where n = v 2 + v β ). Vibrational levels within each Coriolis polyad interact strongly, while inter-polyad interactions are much weaker. Note that even if our assignments are based on Kellman's semiclassical assignment scheme, the selection rule for Coriolis interactions appears to be very similar in form to For levels that lie below 1600 cm −1 in theC state, where all of the a 1 and b 2 symmetry levels have been experimentally observed, this selection rule seems to be obeyed and the Coriolis polyads are formed based on this selection rule, as is schematically displayed in Fig. 7 .
Note that the mixing-angles of pairs of levels in the P 1 -P 5 polyads in Fig. 7 seem to develop an alternating pattern, i.e. the mixing angle of the (0, v 2 , v β )-(0, v 2 + 1, v β − 1) pair does not increase monotonically as v β increases, and the mixing angle between the a 1 and b 2 symmetry levels within a P n polyad oscillates as one moves down the P n column in Fig. 7 .
As is evident from Table X, both the experiment and the calculation based on our force field show that the Coriolis matrix elements, t 1 , are similar in this energy region. Thus, the variation in the mixing angles in Fig. 7 is mostly due to the variation of the energy difference between the two states in question. The alternating pattern in the Coriolis mixing angle is in fact a manifestation of the effects of the double-well on the PES on the rotational structure of the molecule.
To see how the double-well structure leads to the alternating pattern, we define the effective ν β frequency of the (0, v 2 , v β ) r level as the energy difference between the (0, v 2 , v β ) r and (0, v 2 , v β + 1) r levels. Similarly, the effective ν 2 frequency of (0, v 2 , v β ) r is the energy difference between (0, v 2 , v β ) r and (0, v 2 +1, v β ) r . The effective ν 2 frequency is approximately a constant (∼ 377 cm −1 ). Due to the double-well structure of the PES, the magnitude of the effective ν β frequency alternates as a function of v β , as can be seen in Fig. 8 . The effective ν β frequency of (0, v 2 , v β ) r is larger than that of (0, v 2 , v β + 1) r if v β is odd, and it is smaller than that of (0, v 2 , v β + 1) r if v β is even. Given this alternating pattern in the effective ν β frequency, the alternations in the mixing angles down each of the P 2 -P 5 polyad columns in Fig. 7 can be explained. Similar arguments are applicable to the oscillating patterns across each row in Fig. 7 . As shown here, the staggering in the vibrational energy spacings results in an alternation in the degree of Coriolis interactions between levels in the P 1 -P 5 polyads. 
E. The Zigzag Patterns in the C Rotational Constants
The alternating patterns in the Coriolis mixing angles shown in Fig. 7 are manifest as zigzag patterns in the C p rotational constants (the Coriolis-perturbed C rotational constants). In Fig. 9 , values of the experimental effective C p constants 25, 34 of levels in the (0, 0, v β ) and (0, 1, v β ) progressions are plotted as a function of v β . It is evident that the C p rotational constants in both progressions follow a zigzag trend. The C constant of the zero-point level (C 000 ) is used as a reference for the C p constants in Fig. 9 . Given that the Coriolis contribution to the C constants outweighs the corrections from other contributions by an order of magnitude (with the exception of the (0, 0, 1) r level), the deviation of the C p constant of a specific vibrational level from C 000 gives information about the mixing angle between that level and its Coriolis-interacting levels.
The C p rotational constants of levels in the (0, 0, v β ) progression (v β ≤ 5) are all smaller than C 000 , since all of the Coriolis-interacting partners of those levels lie higher in energy.
The zigzag pattern arises from oscillations in the magnitudes of the Coriolis mixing angles between the (0, 0, v β ) an (0, 1, v β − 1) levels as v β increases (see Fig. 7 ). Note that the deviations of the C p constants from C 000 match the trend in the mixing angles between the The assumption of the separability of ν 2 from the other two strongly Fermi-interacting modes breaks down for levels that lie >2000 cm −1 above theC state zero-point level. FranckCondon interference effects, due to interactions among states that have different numbers of quanta of excitation in ν 2 , are found to be prevalent among theC state vibrational levels above 2500 cm −1 . The presence of interference effects in this energy region invalidates vibrational assignment based on apparent ν 2 progressions. However, using a two-step diagonalization procedure of the vibrational Hamiltonian, an unprecedented number ofC state vibrational levels can now be assigned. The vibrational levels are characterized in the Kellman basis, constructed explicitly via partial diagonalization of the Hamiltonian. Decoding the new classes of dynamics exhibited by levels above 2500 cm −1 , which are highly mixed even in the Kellman basis, poses an interesting challenge for future work.
The Coriolis interactions in theC state are modeled in this work using second-order non-degenerate perturbation theory. Most importantly, we identify a rotational signature indicating the presence of the double-well structure of the PES. The anomalies in the C rotational constants result from the staggering in the vibrational energy spacings, due to the double-well structure.
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instead, we give an r or l label, which indicates the direction in which the wavefunction opens. Our intention is to help the reader visualize the shape of the wavefunction. Second, our notations for the assignments of the highest member of the polyad differ from Kellman's choice. In his notation, the level we assign as (3,0,0) l would be (0,0,6) IIIbc . Aside from the difference in the subscripts just discussed, the definitions of our quantum numbers differ 
